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Massive Binary Black Holes

•  Binary AGN are a primary multi-messenger source for LISA 
(inspirals, mergers, ringdowns) and PTA (inspirals). 

• With joint GW+EM measurements: 
• Best candidate for exploring plasma physics in the strongest 

and most dynamical regime of gravity, allowing us to measure 
radiative efficiencies and feeding rate. 

• Allow us to look at entire life cycle of MBBHs, from kpc scales 
(EM) to merger/post-merger (GW+EM); 

• Improve the M in M-sigma;
• Perform precision cosmology by measure redshifts and 

distances with same systems;
• Affect GW analysis, e.g., gravitational torque from gas can 

affect SNR of EMRI LISA sources: Derdzinski, A., D'Orazio, D., 
Duffell, P., Haiman, Z., MacFadyen, A., MNRAS, 501, 3540, (2021).

• Rubin Observatory will identify 100k’s of AGN, so even a “small” 
binary fraction implies many sources.

• EM identification will be critical for detection and 
characterization, and potentially needed to measure 
uncertainties in GW analysis: 
• —> Realistic simulations and their EM output are needed! Astrophysics LISA Working Group WP: Amaro-Seoane, Andrews, et al., LISA Consortium Astro 

Working Group, arXiv, arXiv:2203.06016, (2022).                            
Bogdanović, Miller, and Blecha, LRR, 25, 3, (2022). 



• Class of systems span vast 
dynamic range in time, from 
blips to human lifespans; 

• What are the best strategies of 
finding BBH accretors given 
disparate time scales between 
dynamics and observational 
cadences/lifetimes?


• In general for BBHs: 


• PTAs: coherent GW sources 
that we probably will not see  
merge;


• LISA: chirp too fast to localize 
in time for EM observation, 
and probably too dim to search 
sky for before merger;
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Dal Canton, Mangiagli, Noble, Schnittman, Ptak, Klein, Sesana, and Camp, ApJ, 
886, 146, (2019).

For PTAs:  Goldstein, Sesana, Holgado, and Veitch, MNRAS, 485, 248, (2019).                                                               

Catching MBHBs in the Act!
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• LISA’s  angular localization is quickest for lighter MBBHs because of 
weaker sensitivity at lower frequencies; 


• Lighter MBBHs are dimmer in EM, so searches are limited in redshift 
thus limiting the detectable population. 

Kelley, Haiman, Sesana, and Hernquist, MNRAS, 485, 1579, (2019).

Need realistic predictions (theory) to “match filter” 
spectral+timing EM data!

22 Lops et al.
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Figure B1. Median values of Ncycles associated to the true hosts
with mass Mtot =3⇥105 M� (orange), Mtot =3⇥106 M� (purple) and
Mtot =3⇥107 M� (blue) at z=0.5.

z Mass 3⇥105 [M�] 3⇥106 [M�] 3⇥107 [M�]

0.5�2 keV
LX�ray [ergs�1] - 1.32⇥1040 7.79⇥1040 4.45⇥1041

0.3 4.27⇥10�17 2.51⇥10�16 1.44⇥10�15

0.5 1.29⇥10�17 7.57⇥10�17 4.33⇥10�16

1 2.39⇥10�18 1.40⇥10�17 8.02⇥10�17

2 - 2.55⇥10�18 1.46⇥10�17
f [erg cm�2 s�1]

3 - 9.58⇥10�19 5.48⇥10�18

2�10 keV
LX�ray [ergs�1] - 1.53⇥1042 9.12⇥1043 5.21⇥1043

0.3 4.93⇥10�15 2.94⇥10�14 1.68⇥10�13

0.5 1.49⇥10�15 8.87⇥10�15 5.06⇥10�14

1 2.75⇥10�16 1.64⇥10�15 9.37⇥10�15

2 - 2.99⇥10�16 1.71⇥10�15
f [erg cm�2 s�1]

3 - 1.12⇥10�16 6.40⇥10�16

Table C1. Luminosities and fluxes in the 0.5�2keV and 2�10keV bands
emitted by MBHBs accreting at the Eddington limit with an hydrogen col-
umn density of NH = 1023cm�2.

Fig. B1 as a function of the observed time tobs = t /(1 + z), where
z is the redshift of the binary. As expected, the number of cycles
decreases as the binary approaches to the final coalescence. Despite
this trend is shared by all the three MBHBs, at fixed time the number
of cycles depends on the total mass of the system, with higher values
associated to lower-mass MBHBs. This behavior leads back to the
fact that Eq. B1 is inversely proportional to the mass of the binary.

APPENDIX C: HIGH X-RAY ABSORPTION IN ACTIVE
HOST CANDIDATES

In this appendix we re-analyze the results presented in Section 4.1
and Section 5.2 by using larger values of NH for the population of
X-ray AGNs.

Figure C1. Sensitivity curves of the three simulated X-ray observatories em-
ployed in this project to study a potential cooperation between LISA and an
X-ray detector: O1 (solid line), O2 (dash-dotted line) and O3 (dotted line).
These functions have been compared with the fluxes at the Eddington limit
(horizontal solid lines) associated to the MBHBs, which have been computed
by using the bolometric corrections of Shen et al. (2020) and column den-
sity of NH = 1023cm�2. Shaded areas are delimited by the maximum and
minimum fluxes corresponding to the maximum and minimum values of the
bolometric corrections.

C1 Exposure times in the high X-ray absorption scenario

In this section we explore the capabilities of the X-ray observatories
to detect Eddington-limited AGNs associated to the MBHBs when
accounting for an hydrogen column density of NH = 1023cm�2

(i.e Compton thin AGNs). The X-ray fluxes and luminosities
associated to these Compton thin AGNs are shown in Table C1.
As we can see, these values are smaller than the ones presented in
Table 3. This difference is particularly important in the soft X-ray
band, where the sources are up to ⇠2dex dimmer. As we will
summarize in Table C2, this decrease in the brightness will have
strong repercussion in the time required to detect the MBHBs.

In Fig. C1 we present for the 0.5�2keV and 2�10keV bands a
comparison between the sensitivity curves of the observatories and
the fluxes associated to all the binary systems. As we can see, O3
is able to detect in the hard X-ray band all the MBHBs studied in
this work with exposure times texp ⇠3 hours, regardless of redshift.

MNRAS 000, 1–23 (2022)

Here we express c7 as function of redshift and total mass;
however this is not true in general. For each case, we
choose which parameter should be a combination of the
previous input parameters by looking at the one that could
match better the simulations.F is therefore a function of 21
numerical coefficients.
For the four key parameters discussed in the previous

section, ΔX ¼ ΔΩ=sr, ΔdL=dL, ΔM=M, Δq=q, we adopt
Eq. (17) to fit the median, 68% and 95% confidence
interval of the uncertainties in the LISA measurements.
We report the value of the coefficients for the median, 68%
and 95% confidence regions for the uncertainties on the sky
localization and luminosity distance in Table III. The value
for the chirp mass and mass ratio fits are reported in
Table IV. In these table the coefficients computed according
to Eq. (18) are labeled with “½z; log10Mtot#”.

For the degraded sensitivity curve we include two
additional coefficients in Eq. (18), i.e.,

c7;degrðz; yÞ ¼ d1 þ d2y

d3zþ d4zy

d5z2 þ d6z2y; ð19Þ

and replace the term (z − 0.5) in Eq. (17) with (z − 1) to
better fit the simulation results. The additional coefficients
are reported in the aforementioned GitHub repository.
Even if we perform simulations of systems with Mtot ∈

½105; 3 × 107# M⊙ and z ∈ ½0.1; 4#, our formulas can be
applied only on a slightly smaller subset: they are valid for
systems with Mtot ∈ ½105; 107# M⊙ and z ∈ ½0.3; 3# because

FIG. 7. Time evolution of sky position uncertainties obtained with the Fisher Matrix approach compared to that recovered employing
fits from Eq. (17)–(18). Blue lines correspond to the median of distribution while blue and green areas to the 68 and 95 percentiles.
Solid, dashed-dotted, and dashed lines correspond to the fit outcome for the median, 68% and 95% regions, respectively. Each column
refers to a different source-frame MBHB total mass as labeled. Upper panels: MBHB at z ¼ 0.3; middle panels: z ¼ 1; lower
panels: z ¼ 3.

ALBERTO MANGIAGLI et al. PHYS. REV. D 102, 084056 (2020)

084056-12

• Effectiveness of inspiral searches increases with : 

• Length of time during which GW/LISA localization is comparable to 

telescope’s FOV or survey-able area; 

• Telescope’s FOV, angular resolution, slew rate, and sensitivity; 

• Uniqueness and specificity of binary’s EM signature;

Need more & more sophisticated simulations of EM 
search campaigns, w/wo various mission concepts. 
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FIG. 3. Average number of EMcps in each observational scenario, as clarified by the legend, in the maximising case as function
of redshift (upper panels) and chirp mass (lower panels) for the three astrophysical models assuming 4 yr of LISA time mission.
SKA+ELT provides more EMcps in the maximising scenario thanks to the isotropic radio emission. We stress that we can not
simply sum the y-axis for each instrument combination because the same system might be observed by di↵erent telescopes at
the same time.

TABLE IV. Average number of multimessenger candidates in 4 yrs, in each observational scenario. Fluxes are in units of
erg s�1 cm�2 (more detail in the text).

Rubin SKA+ELT Athena+ELT

Isotropic �2 �10
Catalogue Eddington

FX, lim = 4e-17 FX, lim = 2e-16 FX, lim = 4e-17 FX, lim = 2e-16

No-obs
1.3 48.4 6.27 0.13 2.35 0.62 3.95 1.82 Pop3
3.33 24.4 2.89 0.04 5.42 1.64 8.53 3.02 Q3d
0.84 35.47 3.78 0.04 1.6 0.44 15.9 6.31 Q3nd

Obs
0.4 48.4 6.27 0.13 0.22 0.04 0.49 0.22 Pop3
0.93 24.4 2.89 0.04 0.31 0.09 0.35 0.18 Q3d
0.31 35.47 3.78 0.04 0.18 0.04 1.51 0.9 Q3nd

TABLE V. Average number of EMcps in 4 yrs in each observational scenario. Fluxes are in units of erg s�1 cm�2 (more detail
in the text). The average number of EMcps obtained combining observations with multiple facilities are reported in Tab. VI.

Rubin SKA+ELT Athena+ELT

Isotropic �2 �10
Catalogue Eddington

FX, lim = 4e-17 FX, lim = 2e-16 FX, lim = 4e-17 FX, lim = 2e-16

�⌦ = 10deg2 �⌦ = 0.4 deg2 �⌦ = 2deg2 �⌦ = 0.4 deg2 �⌦ = 2deg2

No-obsc.
0.84 6.8 1.51 0.04 0.49 0.27 1.02 0.84 Pop3
3.07 14.9 2.71 0.04 2.67 1.38 3.87 2.13 Q3d
0.53 20.6 3.2 0.04 0.58 0.31 4.4 3.24 Q3nd

Obsc.
0.27 6.8 1.51 0.04 0.04 0.04 0.27 0.09 Pop3
0.84 14.9 2.71 0.04 0.22 0.09 0.18 0.13 Q3d
0.22 20.6 3.2 0.04 0.09 0.04 0.4 0.44 Q3nd

2.5. MULTIMESSENGER ON SINGLE EVENTS: WHAT DO WE LEARN ABOUT BH PHYSICS FROM THE MULTIMESSENGER VIEW OF THE COALESCENCE OF MBHS? 123
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Figure 2.12: LISA will be complemented by the X-ray mission Athena (launch expected in the
early 2030s), and potentially by the NASA concept missions LynX and AXIS. These missions are
shown in orange and black horizontal symbols, which indicate the sensitivity of the deepest point-
ing, in the [0.5–2] keV observed band, by Athena (orange) and LynX/AXIS (black). Waterfall
plots show the average GW horizon computed for signal-to-noise ratio SNR = 10 and different
BH mass ratios for the Einstein Telescope (red) and LISA (blue/green) bandwidth (Santamaría
et al., 2010; Hild et al., 2011; Robson et al., 2019). For reference, main MBH formation mech-
anisms are shown with ellipses. The growth of some of MBH seeds could be stunted by several
processes and could be detectable only at late times when merging with other MBHs at z  5

(“starved MBHs” in the white bottom ellipse, Valiante et al., 2021). Figure taken from Valiante
et al. (2021).

et al. 2016). This can be complemented by observations of optical flares from e.g., the Roman
Space Telescope or the Rubin Observatory (see Section 2.6 for a more complete descriptions of
relevant instruments and space missions). Observational and theoretical constraints on these EM
flares are still very poor, e.g., on the frequency of the peak emissions.

2.5.3 The path towards LISA

In this subsection, we present several ideas for what we need to prepare to exploit the unique
characteristics of LISA in the context of multimessenger study of MBHBs from the perspectives
of theory, observations, and artificial intelligence.

2.5.3.1 Theoretical and observational improvements in the multimessenger study
of MBHBs

On the theoretical front, work is necessary to understand accretion on to binary MBHs and their
EM signatures at various wavelengths; on the observational front, efforts are necessary to find
and understand more MBHB candidates. Strengthening the collaborative studies between the
EM and GW scientific communities is thus very important for scientific utilization of LISA data
products.

• Numerical simulations of EM counterparts to MBHB inspirals and mergers
Over the last decade, several theoretical groups studied MBHBs in a circumbinary disc or

more tenuous gas clouds (see Section 2.5.1.2), systematically adding the layers of physics nec-

Einstein  
Telescope LISA

Mangiagli, Caprini, Volonteri, Marsat, Vergani, Tamanini, and 
Inchauspé, arXiv, arXiv:2207.10678, (2022).

Valiante, Colpi, Schneider, Mangiagli, Bonetti, Cerini, Fairhurst, 
Haardt, Mills, and Sesana, MNRAS, 500, 4095, (2021).

Light seeds
Heavy seeds


Delayed BBH merger

Heavy seeds

No delayed 
BBH merger

• EM Counterpart Searches triggering on GW event, LISA oval fits in FOV 
of EM observatory;


• Using latest population synthesis models, Eddington luminosities, and 
observatories’ sensitivities;


• SKA, Athena, Rubin for identification;

• ELT and Rubin for redshift;

• SKA rates (and others too) depend on angular dependence of emission; 

7 to 21 (2 to 3) EM+GW Events with 4-yr LISA Campaign• Joint X-ray and GW observations could catch seeds of MBH growth 
in action across time!

How do these rates change if: 
• surveys/catalogs of MBBH candidates made 

beforehand?  
• other observatories are considered (e.g., JWST)?

Rates & Exploring Population Synthesis



Mass Ratio Survey : Circumbinary Disks Noble, Krolik, Campanelli, Zlochower, 
Mundim, Nakano, and Zilhão, ApJ, 922, 
175, (2021).
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• GRMHD simulations of only 
circumbinary disk region, 
starting from Noble++2012 
conditions, only changing q.  

• As mass-ratio diminishes, 
so does gravitational torque 
density of the binary, 
asymptoting to “single BH” 
disk;  

• Weaker torques (smaller 
mass ratio binaries) take 
longer to form lumps.  

• Similarities seen with 
Newtonian results: Shi & 
Krolik 2016, Munoz+2019, 
Moody+2019.

Same times Last time of run

q=M2/M

Need greater q resolution.

How do we connect the 
Newtonian scales to the 
relativistic regime?   



Global Trends of the Lump

• Non-trivial signals apparent in L(t) and Mdot(t) at  
• Signals in accretion rate and luminosity are not always shared;  
• Small-q binaries show red-noise dominated power spectrum like single-BH disks; 
• Intermediate-q binary shows strongest signal at binary frequency, as the disk interacts primarily with BH#2; 
• Mdot modulations modulate mini-disk luminosities, which are brightest high-energy component;  

• q=0.1• q=1 • q=0.5 • q=0.2
q=0.1q=1 q=0.5 q=0.2

Noble, Krolik, Campanelli, Zlochower, Mundim, Nakano, Zilhao (2021)
https://arxiv.org/abs/2103.12100  Mass Ratio Survey

2⌦beat

<latexit sha1_base64="DQGHtb0AqNt4MauLPoNkm3RPvb8=">AAAB/3icbVC7SgNBFJ31GeNrVUhjMxgEq7AbFC1DbOxMwDwgWZbZyU0yZGZ3mZkVwprCX7Gx8IGtvV9gZ+O3OHkUmnhg4HDOvdwzJ4g5U9pxvqyl5ZXVtfXMRnZza3tn197br6sokRRqNOKRbAZEAWch1DTTHJqxBCICDo1gcDn2G7cgFYvCGz2MwROkF7Iuo0QbybdzuNi+FtAjflsQ3ZciDYDokW/nnYIzAV4k7ozkS7nqN3spf1R8+7PdiWgiINSUE6VarhNrLyVSM8phlG0nCmJCB6QHLUNDIkB56ST/CB8bpYO7kTQv1Hii/t5IiVBqKAIzOQ6p5r2x+J/XSnT3wktZGCcaQjo91E041hEel4E7TALVfGgIoZKZrJj2iSRUm8qypgR3/suLpF4suKeFs6ppo4ymyKBDdIROkIvOUQldoQqqIYru0AN6Qs/WvfVovVpv09Ela7ZzgP7Aev8BrGmZmw==</latexit>

Nonlinear dynamics means we 
need simulations — cannot be 
done with analytic theory!

https://arxiv.org/abs/2103.12100


Circumbinary + 
Mini- Disk 
Regions

• Starting from same initial accretion flow conditions; 
• Because of smaller ISCO, the volume of stability in mini-

disk region increases for larger (parallel) spin;  
—>More persistent mini-disks; 
—> Longer inflow time scales; 
—> Comparable accretion rates; 
—> Smaller fluctuations at 2x beat freq.

Accretion onto Spinning BBHs6

Figure 7. Power spectral density of the mini-disk’s masses for
SHPN06 (upper panel) and M0 (lower pannel) using a Welch algo-
rithm with a Hamming window size and a frequency of 10M . The
confidence intervals at 3� are shown as shadowed areas.

with 2⌦beat. In SHPN06 , however, the inflow time of the
mini-disks is larger and the depletion period of a mini-
disk briefly coexists with the filling period of the other
mini-disk, reducing the variability of the total mass.
Finally, because we use a spherical grid with a central

cutout, we cannot analyze the e↵ects of the sloshing of
matter between mini-disks (Bowen et al. 2017). To es-
timate how much mass we lose through the cutout, we
checked the accretion rate at the inner boundary of the
grid, where the gas exits the simulations. This mass loss
constitutes, in average, only a 5% of the mass acreted
by the BHs, although the instantenous accretion can be
close to 20% of the accretion onto a BH. This might
change some dynamical features of the mini-disk and
produce additional electromagnetic signatures. We do
not expect, however, that this fact would alter the main
conclusions of this work, namely, the overall di↵erences
between mini-disks in spinnings and non-spinning BBH.
In the next section, we analyze the general structure of
the minidisks and the e↵ects of the spins.

3.2. Structure and orbital motion in mini-disks

As we saw before, the main change introduced by the
BH spin is the amount of mass contained in the mini-
disks over a cycle. In this section, we analyze how this
mass increase changes the structure of the mini-disks
compared with non-spinning black holes, and what is
the angular momentum of the material that circularize
around the BH.
In Figure ??, we plot the surface density in both

SHPN06 and M0 , for the same orbital phase at the 7th
orbit. In this plot, the mini-disk around BH1 (right side)
is at the high peak of the mass cycle. In both simulations
here, we can clearly note the predominant lump stream
plunging directly into the hole. This occurs on top of
a mini-disk structure, which is denser in SHPN06 . On
the other hand, we observe that BH2 on the left, in its
low state, has a disk-like structure in SHPN06 , while the
material is mostly accreted in M0 .
We further quantify the di↵erences computing the sur-

Figure 8. Surface density average snapshot for SHPN06 (upper
row) and M0 (lower row) at t = 4000M and t = 4060M respectively,
where the phase of the binary is the same in both simulations.
White dashed lines indicate the truncation radius and thick white
lines the ISCO. In this figure, the sense of rotation of the binary is
counter-clockwise

Figure 9. Surface density averaged in the azimuthal ranges
��1 = (⇡/4, 3⇡/4) (positive axis) and ��2 = (5⇡/4, 7⇡/4) (nega-
tive axis) for BH1, and averaged in time over the low-state (lower
panel) and high-state (upper panel) of the mass fraction. For ref-
erence, we indicate the direction of the orbital BH velocity

face density of the mini-disk around BH1, averaged in
time, and averaged in two ranges of �BH representing
the front and back of the mini-disk with respect to the
orbital motion. In Figure 9 we observe that the surface
density is higher in SHPN06 by a factor of ⇠ 2. For both
simulations, the mini-disks accumulates more material
at the front, corresponding to the region where it cap-
tures the lump stream. In SHPN06 , the density peaks are
closer to the BHs and the density profile is more steep
near the ISCO. At the back of the mini-disk, the surface

�++
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Figure 12. Specific angular momentum as a function of radius for
S06 (upper panel) and S0 (lower panel) for both BHs. The time-
averages are in solid lines, and the individual values are the very
thin lines. The Keplerian value is plotted in dashed green lines.

gular momentum in the BH frame:

h¯̀i⇢ := h�u�̄/ut̄i⇢. (17)

In Figure 12, we show the time-average of h¯̀i⇢ for both
BHs and both simulations. In absolute terms, h¯̀i⇢ is
nearly the same for both the spinning and non-spinning
cases, with the spinning case only slightly greater. This
is because the specific angular momentum of the mate-
rial that falls into the cavity is essentially determined by
the stresses at the inner edge of the circumbinary disk.
These stresses are determined by binary torques and the
plasma Reynolds and magnetic stresses (Shi et al. 2012;
Noble et al. 2012). Indeed, in Lopez Armengol et al.
(2021) we found that these quantities depend weakly on
spin outside the cavity. On the other hand, their rela-
tion to their respective Keplerian (circular orbit) values,
¯̀
K(r̄,�), is quite di↵erent because they depend strongly

on the spin. In S06, the distribution of the angular mo-
mentum tracks closely the Keplerian value. For S0, the
behavior is always sub-Keplerian on average.

Let us assume that the angular momentum distribu-
tion of the circumbinary streams is independent of spin
for a fixed binary separation and mass-ratio. In that case,
our simulation data indicate that the angular momentum
with which the streams arrive at the mini-disk would be
greater than the ISCO angular momentum when the BH
spin is � > 0.45. This estimate could serve as a crude
criterion for determining whether mini-disks form in rel-
ativistic binaries.

We can also use the specific angular momentum to dis-
tinguish the material in the mini-disk with high angular
momentum that manages to orbit the black hole from the
low angular momentum part that plunges in. To do so,

Figure 13. Sub-Keplerian and (super-)Keplerian components of
the mass for BH1 in S06 (upper panel) and S0 (lower panel)

we recompute the mass as in equation (12), taking fluid
elements with ¯̀< ¯̀

K and ¯̀ � ¯̀
K separately. In Figure

13 we plot the evolution of the sub-Keplerian and super-
Keplerian mass components for BH1 in S06 and S0. In
S06 after the initial transient, a little more than half of
the mass comes from relatively high angular momentum
fluid. As the system inspirals, however, the truncation
radius decreases, and the masses of these two components
become nearly equal. In S0, on the other hand, most of
the fluid has relatively low angular momentum. This
sub-Keplerian component has roughly the same mass in
S06 and S0, while the mass of the high angular momen-
tum component of the fluid is much greater in S06, as
expected.

Although a fair amount of the mass in the mini-disk has
relatively high angular momentum and manages to orbit
the black hole in S06, the accreted mass onto the BH,
in both simulations, is always dominated by the low an-
gular momentum part that plunges directly. To demon-
strate this, we compute the average accretion rates for
low and high angular momentum particles as we did with
the mass. Figure 14 shows that the total accretion rate
onto the BH has a flat radial profile in both S06 and S0,
with very similar average values. Accretion by low angu-
lar momentum particles dominates at all radii, although
the high angular momentum contribution becomes com-
parable to the low angular momentum one near the ISCO
for S06.

We can also compute the density-weighted specific en-
ergy, E := h�ut̄i⇢, the mass-weighted sum of rest-mass,
kinetic, and binding energy for individual fluid elements.
As can be seen in Figure 15, on average, fluid in the
mini-disks around the spinning black holes is more bound
than in the non-spinning case. On the other hand, fluid
in both S06 and S0 is more bound than particles on cir-
cular orbits. Near the ISCO, the specific energy drops
sharply inward in both cases, as is often found when ac-
cretion physics is treated in MHD: stress does not cease
at the ISCO when magnetic fields are present.

When the mini-disk is in its high state, the spiral
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we recompute the mass as in equation (12), taking fluid
elements with ¯̀< ¯̀

K and ¯̀ � ¯̀
K separately. In Figure

13 we plot the evolution of the sub-Keplerian and super-
Keplerian mass components for BH1 in S06 and S0. In
S06 after the initial transient, a little more than half of
the mass comes from relatively high angular momentum
fluid. As the system inspirals, however, the truncation
radius decreases, and the masses of these two components
become nearly equal. In S0, on the other hand, most of
the fluid has relatively low angular momentum. This
sub-Keplerian component has roughly the same mass in
S06 and S0, while the mass of the high angular momen-
tum component of the fluid is much greater in S06, as
expected.

Although a fair amount of the mass in the mini-disk has
relatively high angular momentum and manages to orbit
the black hole in S06, the accreted mass onto the BH,
in both simulations, is always dominated by the low an-
gular momentum part that plunges directly. To demon-
strate this, we compute the average accretion rates for
low and high angular momentum particles as we did with
the mass. Figure 14 shows that the total accretion rate
onto the BH has a flat radial profile in both S06 and S0,
with very similar average values. Accretion by low angu-
lar momentum particles dominates at all radii, although
the high angular momentum contribution becomes com-
parable to the low angular momentum one near the ISCO
for S06.

We can also compute the density-weighted specific en-
ergy, E := h�ut̄i⇢, the mass-weighted sum of rest-mass,
kinetic, and binding energy for individual fluid elements.
As can be seen in Figure 15, on average, fluid in the
mini-disks around the spinning black holes is more bound
than in the non-spinning case. On the other hand, fluid
in both S06 and S0 is more bound than particles on cir-
cular orbits. Near the ISCO, the specific energy drops
sharply inward in both cases, as is often found when ac-
cretion physics is treated in MHD: stress does not cease
at the ISCO when magnetic fields are present.

When the mini-disk is in its high state, the spiral

• Faster spins change the potential so that the accretion 
streams are no longer sub-Keplerian, allowing for gas to 
accumulate; 

• Mini-disks are 2x as massive with spins than without.

Need to explore more spins and disk 
properties (accretion rate).
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Figure 12. Comparison between the time-averaged SED during the 5-th orbit of S06 simulation and single black hole disk
models. Left panel: Comparison of the numerical spectrum of the CBD (solid red line) and the mini-disks (dashed red line) with
the following Novikov-Thorne (NT) disk models. The curve denoted as CBD Model shows the spectrum of a NT disk for a black
hole mass of 106M� and normalized spin � = 0.6, an accretion rate of 0.25ṀEdd, an inner radius at 2hr12i ⇠ 38M , and an outer
radius at 150M . Each of the curves denoted as MDModels A, B, and C show the added spectrum of two NT disks onto equal black
holes with a mass of 0.5⇥106M� and a normalized spin of � = 0.6. The NT disks have the inner radius at the individual ISCOs,
⇠ 3.8m1,2 = 1.9M , the outer radius at 0.4hr12i ⇠ 7.6M = 15.2m1,2, and an accretion rate of (Model A: ṁ1 = ṁ2 = 0.125ṀEdd;
Model B: ṁ1 = 6⇥ 10�2ṀEdd, ṁ2 = 6.8⇥ 10�2ṀEdd; Model C: ṁ1 = 2.3⇥ 10�2ṀEdd, ṁ2 = 2.7⇥ 10�2ṀEdd). These values
correspond to the accretion rate measured in the CBD region, and the total and circularized accretion rates measured onto each
black hole, respectively. Right panel: Comparison between the total SED derived from the simulation and one for a single black
hole of mass M = 106M� in which we use Schnittman et al. (2016)’s radial luminosity profile. The disk has an accretion rate
of 0.25ṀEdd, an inner radius at ⇠ 1.2rH ⇠ 2.16M , and an outer radius at 150M . 10% of the luminosity arises from an optically
thin corona.

rate in Eddington units, the frequencies of features are
/ M

�1/4.
In Figure 12, MD Model A (red curve) represents the

case in which the accretion rate onto both mini-disks
is equal to that in the CBD region, 0.25ṀEdd. For
simplicity, we assume that it divides evenly between
the two mini-disks7. The spectrum obtained is ⇠ 3.7
times brighter than the one obtained from S06. One
source of this large discrepancy is a breakdown in the
NT model assumption of inflow equilibrium: the accre-
tion rate in the mini-disks is approximately half that
in the CBD region. More precisely, the averaged accre-
tion rates onto the black holes during the 5-th orbit are
⇠ 6.8 ⇥ 10�2

ṀEdd and 6 ⇥ 10�2
ṀEdd when the CBD

accretion rate is 0.25ṀEdd.
However, this accretion rate contrast does not com-

pletely explain the shortfall. Model B shows the com-

7 In the real scenario, however, one mini-disk is typically brighter
than the other at any given time, this e↵ect is periodic (see Fig-
ure 8) and the variation during an orbit likely averages out this
di↵erence.

bined spectrum of two NT mini-disk models with the ac-
tual accretion rates. They are still ⇠ 1.7 times brighter
than the numerical spectrum, indicating that the mini-
disks have a lower radiative e�ciency than the NT disk.
At least part of this diminished radiative e�ciency is
due to some of the accreting matter at each radius hav-
ing less angular momentum than the value required for
a circular orbit at that radius, i.e., l(r) < lK(r). This
material, which follows a decidedly non-circular orbit, is
able to reach the event horizon with higher orbital en-
ergy (lower binding energy) than matter following stable
circular orbits. To distinguish the luminosity from the
fluid that follows quasi-circular orbits from that radiated
by the fluid on non-circular orbits, we define the ‘circu-
larized’ accretion rate as the rate delivered by matter
with l(r) � lK(r), and averaging from rISCO to rtrunc.
The ‘circularized’ accretion rates are 2.3⇥10�2

ṀEdd and
2.6 ⇥ 10�2

ṀEdd for the two black holes, respectively.
Model C shows the spectrum for two NT disks with

the circularized accretion rates of the real mini-disks,
but this model still departs from the simulation spec-
trum in significant ways; its luminosity is a factor ⇠ 1.5
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Schnittman, Krolik, and Noble, ApJ, 819, 48, (2016).

• GRMHD simulation-informed model for all spins 
for thin disks, same total mass and Mdot;


• Truncated disk emission, weaker mini-disk 
accretion rate due to accelerated accretion via 
shocks.

Gutiérrez, Combi, Noble, Campanelli, Krolik, 
López Armengol, and García, ApJ, 928, 137, (2022).

How does the predicted dip in the UV change with binary 
separation?  Does it become more significant at larger 
separations?

Need more realistic corona, high-energy radiation 
methods, and radiation coupling to explore accretion 
stream physics.

Roedig, Krolik, and Miller, ApJ, 785, 115, (2014).
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Figure 9. Luminosity as a function of time for S06 at three
di↵erent frequencies: UV (upper panel, ⌫ = 6.5 ⇥ 1015 Hz),
far-UV (middle panel, ⌫ = 2.9 ⇥ 1016 Hz), and soft X-rays
(lower panel, ⌫ = 1018 Hz). The grey dashed vertical lines
show the end of the transient phase. Note the di↵erent dy-
namic ranges in each panel: ⇠ 50% in the top panel, a multi-
plicative factor ⇠ 8 in the middle panel, and a multiplicative
factor of ⇠ 2 in the bottom panel.

coordinates and ⌦ is the orbital velocity of a Keplerian
circular orbit in the Kerr spacetime. Eq. 10 neglects
light bending, but this phenomenon has little e↵ect on
the spectrum for face-on emission.
SMBBH emission comes from both the CBD and the

mini-disks. Not surprisingly, given the CBD’s state of
quasi-inflow equilibrium and its distance from the nom-
inal ISCO (corresponding to the total mass of the bi-
nary), its emission averaged over the 5-th orbit is well
reproduced by an NT disk extending from Rin,circ =
2hr12i ⇠ 38M to Rout,circ = 150M , accreting at a rate of
0.25ṀEdd, which are the same values used in our simula-
tions. Quantities enclosed in brackets are averaged dur-
ing the 5-th orbit. Even though we integrate from the
inner edge to the outer part of the disk, for this NT disk
model we have set the stress to zero at RISCO,circ = 6M ,
which corresponds to the system’s fictitious ISCO.
To analyze the SED of the mini-disks, we compare

them to three di↵erent NT models with varying accre-

Figure 10. Power spectral density of the light curves for S06
at the three frequencies indicated using a Welch algorithm
with Hamming window size of 10M . The confidence inter-
vals at 3� are shown as shadowed areas. The upper panel
corresponds to the total luminosity whereas the lower panel
takes into account only the emission coming from one of the
mini-disks. The mean orbital frequency is hfBi = 1/505M .

Figure 11. Same plot as in Figure 10 but for S0. The
dashed curve in the upper panel corresponds to the light
curve at E = 4 keV with the time corrected for the decreasing
period of the system. The mean orbital frequency is hfBi =
1/530M .

tion rates. None is a good match to the spectrum we
calculate. In all cases, we set the outer radius equal
to the truncation radius, Rout,md ⇠ 0.4hr12i ⇠ 8M =
16mi, the inner radius equal to the individual ISCOs,
RISCO,md(a = 0.6) = 3.8mi = 1.9M , and the mass and
spin equal to those of the black holes in the simulation:
(mi = 0.5 ⇥ 106M�, �i = 0.6). At a fixed accretion
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• Prograde spinning BBHs:

• Longer-lived mini-disks lead to relatively steadier x-ray emission and 

weaker signals at 2x beat freq.;

• Individual mini-disks still suffer beat modulation;


• Presence and ratios of PSD peaks could be used to identify source as a 
binary and whether they are spinning; 


• Predict spinning BBHs will be predominantly varying at lower-frequencies 
than gravitational waves;

Gutiérrez, Combi, Noble, Campanelli, Krolik, 
López Armengol, and García, ApJ, 928, 137, (2022).

Need additional thermodynamics to include 
hard X-ray emission from accretion stream 
shock!

Roedig, Krolik, and Miller, ApJ, 785, 115, (2014).



Circumbinary + 
Mini- Disk Regions

• Hydro and EM fluxes are both larger with spins; 
• Possible signature of helical field orientation in 

emission’s polarization?! 
• Poynting luminosity modulated at 2x beat freq. 

w/ lump;

Poynting Flux from BBHs
10

Figure 15. Meridional plot of a time average Poynting scalar for BH1 in SHPN06 (left) and in M0 (right)

Figure 16. Meridional plot of the plasma � parameter of BH1 in
SHPN06

curva.

Figure 17. .

Figure 18. .

The EM flux is modulated by the beat frequency of the
system and it is, in average, three times higher in SHPN06

. It has a secular increase and start decreasing at around
8 orbits. High peaks in SHPN06 coincide with the lump
accretion event around 12 orbits. At the end there is
more variability, as seen e.g. in the accretion rate. The
EM fluxes in 20M and 30M are similar in SHPN06 but
di↵ers a little in M0 . LC: explain this further Hydro
fluxes are more similar between SHPN06 and M0 and also
increase as a function of time. They di↵er between 20M
(just mini-disk outflows) and 30M (mini-disks outflows
+ some inner part of the circ disk).
We can also explore the EM fluxes around the individ-

ual BHs and track their evolution (Figure ??). Similar
behavior as we saw around the cavity. The decline is
more appreciated here and there is not much variabil-
ity. In both cases the e�ciency of the jet is around 5%.
FGLA: Agregar las curvas para los non-spinning?

Agregar definición de esa eficiencia. Hawley &

Krolik (2006) da algunos valores para single-BHs,

comparar . The Poynting fluxes are correlated with
the magnetic fluxes around the BH ISCO (Figure 20).
LC: Blandford Znajeck here? . FGLA: Agre-

gar definición de flujo magnético, y el caption.
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Figure 18. Meridional plot of a time average Poynting scalar for BH1 in S06 (left) and in S0 (right). The black hole is at x ⇠ 10M and
the center of mass is at x = 0M . The red lines represent the division between bound and unbound material, while the dot-dashed white
lines represent the magnetically dominated material.
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Figure 19. Evolution of the total Poynting flux measured in the
BH frame (dashed lines) and in the (inertial) center of mass frame
at 100 M(solid lines) for both S06 and S0. For the center of mass
fluxes, we use the retarded time t� r/hvi to account for the delay.

waves by LISA or pulsar timing arrays (PTA) remains at
least a decade into the future. Nevertheless, upcoming
wide-field surveys such as the Vera C. Rubin Observa-
tory, SDSS-V, and DESI, may discover many SMBBH
candidates through their electromagnetic emission.

In order to confirm the presence of a SMBBH, we need
to build accurate models and predictions of their elec-
tromagnetic signatures. Our GRMHD simulations will
be useful for this purpose: as a next step, in Gutiérrez
et al. (2021), we use these simulations to extract light
curves and spectra using ray-tracing techniques (Noble
et al. 2007; d’Ascoli et al. 2018) with di↵erent radiation
models and di↵erent masses. The results in this paper

Figure 20. Time average of Poynting scalar P projected on a
sphere of radius 60 M for spinning (left sphere) and non-spinning
(right sphere) for unbound elements of fluid.

constitute the foundations to interpret the underlying
physics of those predictions.

Circumbinary and mini-disk accretion onto an equal-
mass binary system has been largely studied in the past
in the context of 2D ↵�viscous simulations. These simu-
lations are particularly good for analyzing the very long-
term behavior of the system, evolving sometimes for 1000
orbits. Close to the black holes and at close separations,
however, the inclusion of 3D MHD and accurate space-
time dynamics becomes necessary in order to describe the
proper mechanisms of accretion and outflow. 2D ↵�disk
simulations are not able to include spin e↵ects and most
of them do not include GR e↵ects (see, however, Ryan
& MacFadyen (2017)). On the other hand, in this work
we analyze the balance of hydro accretion from the cir-
cumbinary streams and conventional accretion from the

14

Figure 21. Hydro luminosity as a function of time measured in
the center of mass frame for S06 (green lines) and S0 (blue lines)
at di↵erent radii.
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Figure 22. Power spectral density of the hydro (LH) and EM
luminosities (LEM) for S06 (thick lines) and S0 (dashed lines) at
100 M using a Welch algorithm with a Hamming window size and
a frequency of 10 M . The confidence intervals at 3� are shown as
shadowed areas for S06. The two main peaks are given by twice
the beat frequency, 2⌦beat = 1.4⌦bin, and the lump accretion pe-
riodicity ⇠ 0.22⌦bin

internal stresses of the mini-disk; to properly model the
latter, we need MHD. Moreover, the presence of a proper
black hole, and its horizon, makes the accretion processes
entirely self-consistent without adding adhoc sink condi-
tions as used in Newtonian simulations (see, however,
Dittmann & Ryan (2021)). Finally, 3D MHD simula-
tions are necessary to model magnetically-dominated re-
gions and jets. The connection of the accretion and the
production of electromagnetic luminosity was one of the
main motivations of this work, and impossible to analyze
in 2D hydro simulations.

Recently, Paschalidis et al. (2021) presented GRMHD
simulations of a system similar to the one analyzed in
this paper: equal-mass, spinning binary black holes ap-
proaching merger. It is then interesting to compare our
results and highlight the di↵erences with their model and
analysis. In their paper, they use a slightly higher spin
value (� = 0.75) and explore di↵erent spin configura-
tions, including antialigned and up-down directions with
respect to the orbital angular momentum. Their system
has di↵erent thermodynamics than ours, using an ideal-
gas state equation with � = 4/3 and no cooling. Their
focus is on the mass budget of the mini-disk (as in Bowen

et al. (2019)) and the electromagnetic luminosity when
spin is included. They report that spinning black holes
have more massive mini-disks and the electromagnetic
luminosity is higher, with quantitative measures similar
to what we find in this paper.

In our work, we analyze in great detail, for the first
time, the accretion mechanisms onto the mini-disk and
their connection to the circumbinary disk. We show
that the BHs accretes in two di↵erent ways: through
direct plunging of the stream from the lump’s inner edge
(that dominates the accretion), and through ‘conven-
tional’ stresses of the circular component orbiting the
mini-disk. This is qualitatively di↵erent than single BHs
disks and a direct consequenece of the short inflow time
determined by rISCO/rtrunc; for larger separations and
higher spins, we expect mini-disks to behave closer to
conventional single BH disks . Our simulations also dif-
fer significantly in the grid setup and initial data. We
start our simulations with an evolved circumbinary disk
snapshot, taken from Noble et al. (2012), which is al-
ready turbulent and presents a lump (starting the sim-
ulation from a quasi-stationary torus, the lump appears
after ⇠ 50 orbits at these seperations, once the inner
edge has settled). This is very important to accurately
describe the periodicities of the system given by the beat
frequency, which is set by the orbital motion of the lump.
These quasi-periodicities might be di↵erent if the ther-
modynamics change, e.g. if there is no cooling, although
currently there are no su�ciently long 3D GRMHD sim-
ulations of circumbinary disks exploring this. Interest-
ingly, we found that the Poynting flux is also modulated
by the beat frequency. For BBH approaching merger,
this constitutes a possible independent observable if this
periodicity is translated to jet emission. As expected,
for spinning BHs, we also found more powerful Poynting
fluxes, in agreement with Paschalidis et al. (2021).

With our careful analysis of the accretion onto the
mini-disks, we show that a disk-like structure survives for
longer as the binary shrinks when the black holes have
spin. Further explorations with higher spins will show
how far these structures survive very close to merger.

5. CONCLUSIONS

We have performed a GRMHD accretion simulation of
an equal-mass binary black hole with aligned spins of
a = 0.6 MBH approaching merger. We have compared
this simulation with a previous non-spinning simulation
of the same system, analyzing the main di↵erences in
mini-disk accretion and the variabilities induced by the
circumbinary disk accretion. Our main findings can be
summarized as follows:

• Mini-disks in S06, where BHs have aligned spins
� = 0.6, are more massive than in S0, where BHs
have zero spins, by a factor of two. The mass and
accretion rate of mini-disks have quasi-periodicities
determined by the beat frequency in both simula-
tions (see Section 3.2).

• The material in the mini-disk region can be sepa-
rated into two components of relatively high and
low angular momentum. The low angular momen-
tum component mostly plunges directly from the
lump edge, forming a strong single-arm stream.

0.5% —> 4% 7.5%

2.5% 10%
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Krolik, and Bowen, ApJ, 928, 187, (2022).

How do other spin values 
and spin orientations 
change this picture?

• Funnel region is more 
magnetized with spins.



Simultaneous Images of Synchrotron 
Jets and Optically Thin X-ray Emission

• Gutierrez, Combi, Lopez Armengol++(in prep)

Radio - Synchrotron Emission
X-ray - Corona Emission

• Dual jet phenomena; 

• Synchrotron calculated using same emissivities used in 

simulations of images for the Event Horizon Telescope 
project. 


• Predict correlated X-ray and jet variability, under certain 
situations, TBD.

Leung, Gammie, and Noble, ApJ, 737, 21, (2011).

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, andVLA/17B-403 teams*†

Previous detections of individual astrophysical sources of neutrinos are limited to the
Sun and the supernova 1987A, whereas the origins of the diffuse flux of high-energy
cosmic neutrinos remain unidentified. On 22 September 2017, we detected a high-energy
neutrino, IceCube-170922A, with an energy of e290 tera–electron volts. Its arrival
direction was consistent with the location of a known g-ray blazar, TXS 0506+056,
observed to be in a flaring state. An extensive multiwavelength campaign followed,
ranging from radio frequencies to g-rays. These observations characterize the
variability and energetics of the blazar and include the detection of TXS 0506+056
in very-high-energy g-rays. This observation of a neutrino in spatial coincidence with
a g-ray–emitting blazar during an active phase suggests that blazars may be a source
of high-energy neutrinos.

S
ince the discovery of a diffuse flux of high-
energy astrophysical neutrinos (1, 2),
IceCube has searched for its sources. The
only nonterrestrial neutrino sources iden-
tified previously are the Sun and the super-

nova 1987A, producing neutrinos with energies
millions of times lower than the high-energy dif-
fuse flux, such that the mechanisms and the envi-
ronments responsible for the high-energy cosmic
neutrinos are still to be ascertained (3, 4). Many
candidate source types exist, with active galactic
nuclei (AGN) among the most prominent (5), in
particular the small fraction of them designated
as radio-loud (6). In these AGNs, the central su-
permassive black hole converts gravitational energy
of accretingmatter and/or the rotational energy
of the black hole into powerful relativistic jets,
within which particles can be accelerated to high
energies. If a number of these particles are pro-
tons or nuclei, their interactions with the radia-
tion fields andmatter close to the source would
give rise to a flux of high-energy pions that even-
tually decay into photons and neutrinos (7). In
blazars (8)—AGNs that have one of the jets point-
ing close to our line of sight—the observable flux
of neutrinos and radiation is expected to be greatly
enhanced owing to relativistic Doppler boosting.
Blazar electromagnetic (EM) emission is known
to be highly variable on time scales fromminutes
to years (9).
Neutrinos travel largely unhindered by matter

and radiation. Even if high-energy photons (TeV

and above) are unable to escape the source owing
to intrinsic absorption, or are absorbed by inter-
actions with the extragalactic background light
(EBL) (10, 11), high-energy neutrinos may escape
and travel unimpeded to Earth. An association
of observed astrophysical neutrinos with blazars
would therefore imply that high-energy protons
or nuclei up to energies of at least tens of PeV are
produced in blazar jets, suggesting that theymay
be the birthplaces of the most energetic particles
observed in the Universe, the ultrahigh-energy
cosmic rays (12). If neutrinos are produced in
correlation with photons, the coincident obser-
vation of neutrinos with electromagnetic flares
would greatly increase the chances of identifying
the source(s). Neutrino detections must therefore
be combined with the information from broad-
band observations across the electromagnetic
spectrum (multimessenger observations).
To take advantage of multimessenger oppor-

tunities, the IceCube neutrino observatory (13)
has established a system of real-time alerts that
rapidly notify the astronomical community of the
direction of astrophysical neutrino candidates
(14). From the start of the program in April 2016
through October 2017, 10 public alerts have been
issued for high-energy neutrino candidate events
with well-reconstructed directions (15).
We report the detection of a high-energy neu-

trino by IceCube and the multiwavelength/multi-
instrument observations of a flaring g-ray blazar,
TXS 0506+056, which was found to be position-
ally coincident with the neutrino direction (16).
Chance coincidence of the IceCube-170922A
event with the flare of TXS 0506+056 is statis-
tically disfavored at the level of 3s in models

evaluated below, associating neutrino and g-ray
production.

The neutrino alert

IceCube is a neutrino observatory with more
than 5000 optical sensors embedded in 1 km3 of
the Antarctic ice-sheet close to the Amundsen-
Scott South Pole Station. The detector consists of
86 vertical strings frozen into the ice 125m apart,
each equipped with 60 digital optical modules
(DOMs) at depths between 1450 and 2450 m.
When a high-energy muon-neutrino interacts
with an atomic nucleus in or close to the detec-
tor array, a muon is produced moving through
the ice at superluminal speed and creating
Cherenkov radiation detected by the DOMs. On
22 September 2017 at 20:54:30.43 Coordinated
Universal Time (UTC), a high-energy neutrino-
induced muon track event was detected in an
automated analysis that is part of IceCube’s real-
time alert system. An automated alert was dis-
tributed (17) to observers 43 s later, providing an
initial estimate of the direction and energy of the
event. A sequence of refined reconstruction algo-
rithms was automatically started at the same
time, using the full event information. A repre-
sentation of this neutrino event with the best-
fitting reconstructed direction is shown in Fig. 1.
Monitoring data from IceCube indicate that the
observatory was functioning normally at the time
of the event.
A Gamma-ray Coordinates Network (GCN)

Circular (18) was issued ~4 hours after the initial
notice, including the refined directional informa-
tion (offset 0.14° from the initial direction; see
Fig. 2). Subsequently, further studies were per-
formed to determine the uncertainty of the direc-
tional reconstruction arising from statistical and
systematic effects, leading to a best-fitting right
ascension (RA) 77:43þ0:95

"0:65 and declination (Dec)
þ5:72þ0:50

"0:30 (degrees, J2000 equinox, 90% con-
tainment region). The alert was later reported
to be in positional coincidence with the known
g-ray blazar TXS 0506+056 (16), which is lo-
cated at RA 77.36° and Dec +5.69° (J2000) (19),
0.1° from the arrival direction of the high-energy
neutrino.
The IceCube alert prompted a follow-up search

by theMediterraneanneutrino telescopeANTARES
(Astronomy with a Neutrino Telescope and Abyss
environmental RESearch) (20). The sensitivity of
ANTARES at the declination of IceCube-170922A
is about one-tenth that of IceCube’s (21), and no
neutrino candidateswere found in a ±1 day period
around the event time (22).
An energy of 23.7 ± 2.8 TeV was deposited in

IceCube by the traversing muon. To estimate the
parent neutrino energy, we performed simulations
of the response of the detector array, considering
that the muon-neutrino might have interacted
outside the detector at an unknown distance.We
assumed the best-fitting power-law energy spec-
trum for astrophysical high-energy muon neutri-
nos, dN=dEºE"2:13 (2), where N is the number
of neutrinos as a function of energy E. The sim-
ulations yielded amost probable neutrino energy
of 290 TeV, with a 90% confidence level (CL)

RESEARCH
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*The full lists of participating members for each team and their
affiliations are provided in the supplementary materials.
†Email: analysis@icecube.wisc.edu
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Can blazers be binaries (e.g., OJ 287)?  
Are jets in binaries common?  
Do they accelerate cosmic rays in the same way? 

Jets from MBBHs: Potential 3-messenger source!



Merger Signatures
Numerical Relativity with Uniform Plasmas

With spins:  Cattorini, Giacomazzo, Haardt, and Colpi, PhRvD, 103, 103022, (2021).

Prior Art: 
• Palenzuela, Garrett, Lehner, and Liebling, PhRvD, 82, 044045, (2010), Moesta, Alic, Rezzolla, Zanotti, and Palenzuela, ApJL, 749, L32, (2012).
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FIG. 9. Rate of mass loss Ṁ to accretion into the black hole
horizons.

FIG. 10. LPoynt, the Poynting luminosity, for the d = 14.4M
configuration considered in Table III; extraction of the mode
is on a coordinate sphere of radius 30M . The merger time is
marked by a dashed vertical line.

isotropic form of exact Kerr [88]) with parameters chosen
consistent with the end-state black hole observed after
merger: mKerr = 0.97M , a/mKerr = 0.69.

In Fig. 11 we again show LPoynt at R = 30M , but for
simulations beginning at times ranging from about 200M
to 5400M before merger. For convenience, we show the
merger time of each configuration as a dashed line of
the same color. While we generally see the same set
of features for each simulation, the time delay between
features (b) and (d) shrinks as the inspiral duration be-
comes shorter. The timing of features (a) and (b) indi-
cates that they can have no dependence on the merger
of the binary, in contrast to the conclusion drawn from

TABLE II. Bowen-York parameters of the numerical config-
urations used. The holes are non-spinning, and are initially
separated in the x direction. Our canonical configuration is
shown in bold face.

run name d(M) mp Ptang(M) Prad(M)

X1 d16.3 16.267 0.4913574 0.07002189 -0.0002001

X1 d14.4 14.384 0.4902240 0.07563734 -0.0002963

X1 d11.5 11.512 0.4877778 0.08740332 -0.0006127

X1 d10.4 10.434 0.4785587 0.0933638 -0.00085

X1 d9.5 9.46 0.4851295 0.099561 -0.001167

X1 d8.4 8.48 0.483383 0.107823 -0.0017175

X1 d6.6 6.61 0.4785587 0.1311875 -0.0052388

TABLE III. Time of merger tmerge for each binary configu-
ration. As time of merger depends on resolution, we include
resolution information for each case. Our canonical configu-
ration is shown in bold face.

run name dx(M) tmerge(M)

X1 d16.3 1/48 5380

X1 d14.4 1/48 3514

1/56 3651

1/72 3797

X1 d11.5 1/48 1549

1/56 1584

1/72 1572

X1 d10.4 1/48 1054

1/72 1066

X1 d9.5 1/48 681

X1 d8.4 1/48 451

1/56 451

X1 d6.6 1/48 208

FIG. 11. LPoynt for the configurations considered in Table III;
extraction of the mode is on a coordinate sphere of radius 30M
for each case. Merger times for each binary are marked by
dashed vertical lines. (1LPoynt = 5.867⇥1044⇢-13M

2

8 erg s�1.)
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contribution from the magnetic field, and in the other
case on the electron density and temperature. As can be
seen in Fig. 3, the gas forms two very small, thin disks
with magnetically dominated cavities above and below
each black hole. From this picture alone, it is not clear
where most of the synchrotron flux might originate.

However, when comparing the three panels of Fig. 17,
we see that the gas contribution is almost uniformly dis-
tributed, and even the thin disks evident in Fig. 3 are
almost indiscernible when all the relativistic ray-tracing
is included. The reason for this is two-fold. First, the
disks are quite small in extent, and the gas is moving
almost entirely radially, so the emitted flux is beamed
into the horizon, and thus the disks themselves are not
clearly visible in the ray-traced image. Second, the over-
density of gas in the disks is only a factor of a few or
at most ten greater than the background density. On
the other hand, in the funnel regions, B2 can be more
than four orders of magnitude greater than the ambient
or initial pressure, yielding much more significant spatial
variations. Thus the synchrotron image (top panel) most
closely traces the magnetic field, with a slight enhance-
ment of emission where the gas density and temperature
rise near the black holes.

FIG. 18. Bolometric luminosity generated in the region
r < 30M for the X1 d14.4 configuration, assuming the canon-
ical initial density ⇢0 = 10�13 g cm�3. We model local syn-
chrotron emissivity, also showing the development of two con-
tributing components as described in the text.

In Fig. 18 we show the light curve generated by syn-
chrotron emission along with analogous traces computed
from the density and magnetic-field components for the
X1 d14.4 configuration. To calculate these curves, mil-
lions of photons must be launched at each time step, so
for e�ciency’s sake, we use a relatively coarse time sam-
pling of 200M . We only consider emission from inside
r < 30M , consistent with the Poynting flux extraction
radius.

Figure 18 shows that, unlike the Poynting flux, the lo-

cally generated EM power is nearly constant throughout
the inspiral leading up to merger. There is a small burst
of luminosity preceding merger, followed by a dip of al-
most 50% for the synchrotron light curve, but the other
models show almost no discernible sign of the merger
at all. The dip is caused by the sudden expansion of the
horizon volume at merger, rapidly capturing the gas with
the highest temperature and magnetic field.
Another curious result of the Pandurata calculation is

that, for a single snapshot, there is very little di↵erence in
the flux seen by observers at di↵erent inclination angles
or azimuth (of order ⇠ 10%), suggesting that variability
in the EM light curves on the orbital time scale will be
minimal.
In principle, Pandurata can also be applied to study

the spectra of EM emissions including e↵ects, such as
inverse-Compton scattering as photons interact with hot
atmospheric plasma, that have been found to be impor-
tant in modeling black hole accretion disk spectra [98].
Our present simulations, however, do not provide a re-
alistic treatment of atmospheric densities and tempera-
tures. Future studies with more detailed physics may
reveal more interesting time development in spectral fea-
tures of the emission.
The above simplifications and caveats mean that we

cannot make robust statements about the observability
of direct emission. However, based on our optically thin
synchrotron emission model, the direct emission luminos-
ity is orders of magnitude lower than that of the Poynt-
ing flux. In addition, the synchrotron flux is roughly
isotropic, while significant beaming is observed in Poynt-
ing flux. There is no contradiction in these measures;
Poynting luminosity may manifest as photons far down-
stream from the GRMHD flows, whereas these direct
emission estimates originate in regions of high fluid den-
sity and magnetic field strength in strong-gravitational-
field zones.
When comparing these direct emissions with results

from circumbinary disk simulations, the most similar
simulation is in [53, 54]. They estimated a form of di-
rect emission, derived from a cooling function based on
hydrodynamic shock heating. The implied cooling lu-
minosity was more than an order of magnitude larger
than the Poynting luminosity, while our results sug-
gest that Poynting luminosity is larger than direct syn-
chrotron emission, at least for the canonical density of
10�13 g cm�3. We have not incorporated a similar cool-
ing function for a more direct comparison, though we
note that our gas does not exhibit strong shocks.

V. CONCLUSIONS AND FUTURE WORK

To deepen our understanding of the interplay of grav-
ity, matter, and electromagnetic forces in the vicinity of a
merging comparable-mass black-hole binary, we have car-
ried out a suite of equal-mass non-spinning BBH merger
simulations in uniform plasma environments. We con-
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show the state of the evolved (squared) magnetic field
strength b2 1100M after merger, evaluated on the x-z plane.
As seen in the top panel, b2 is greatly amplified at and near
the polar axis of the post-merger hole. The lower panel
shows that this region is dominated by magnetic pressure.
This region shares some features of a relativistic jet, as both
are magnetically dominated and contain a helical magnetic
field structure. We show in Fig. 8 that the structures we
observe yield a strong Poynting flux directed outward. As
with our disk however, through the course of these
simulations the fluid flow through these jetlike structures
is predominantly inward-directed. Nonetheless, over longer
temporal and larger spatial scales and in plausible astro-
physical environments, the strong Poynting flux could
drive relativistic outflows and strong EM emissions. We

further explore this as a source of energy to eventually
power EM counterparts in the next section.3

FIG. 6. Magnetic field streamlines in the polar region, around
1100M after merger. The field lines are twisted into a helical
pattern, concentrated at the origin. This helical structure prop-
agates outward at the ambient Alfvén speed vAlf ¼ 0.07433,
replacing the initially vertical B fields (still visible at large z).

FIG. 7. Top panel: Magnetic field squared magnitude b2 about
1100M after merger for the high-resolution d ¼ 14.4M configu-
ration. Bottom panel: Magnetic-to-gas pressure ratio β−1 ≡
b2=2pgas for the same time and configuration.

3There is no direct contradiction between inward fluid flows
and outward Poynting flux. A simple expression relating Poynt-
ing flux to velocity is Lz

Poynt ¼ B2vz⊥, where v
z
⊥ ¼ vz − vz∥ is the

component of fluid velocity perpendicular to the magnetic field
lines. For a specified Poynting flux, the parallel component of
velocity vz∥ is not directly constrained and may be negatively
directed and large enough to overcome a positive vz⊥.

BERNARD J. KELLY et al. PHYSICAL REVIEW D 96, 123003 (2017)
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Second, we also consider mechanisms for direct emission
from the fluid flows near the black holes, ignoring the
absorbing properties of matter farther out.
Our canonical configuration is an equal-mass BBH with

initial coordinate separation d ¼ 14.4M, initial fluid den-
sity ρ0 ¼ 1 in a polytrope with κ ¼ 0.2, Γ ¼ 4=3, and
initial magnetic field strength b0 ¼ 0.1. We present these
and derived parameters in Table I.

A. Large-scale structure of fluid and fields

We begin by presenting an overview of the major field
structures that develop through MHD dynamics during the

merger process, using our canonical case as a representative
example.
The canonical simulation begins about 3500M before

merger, with an initially uniform fluid and a uniform
vertical magnetic field. After some time the fluid has fallen
mostly vertically along the field lines, concentrating in a
nearly axisymmetric thin disk (h ≪ M) of dense material
about each black hole. Figure 3 shows a snapshot of
the fluid density ρ on the x-y (orbital) and x-z planes
during the late inspiral (about 1100M before merger) for
the d ¼ 14.4M configuration.
By late times, those disks have merged into a common

disk around the final, spinning black hole. The structure of
the post-merger disk is shown in Fig. 4, where we again
plot ρ on the x-y and x-z planes. By this time fluid has
fallen in to form a thin disk (h ≪ M) of dense material with
radius of 2–3 gravitational radii (the BH horizon radius is
approximately 1M here). Above and below the disk, gas is
largely excluded by magnetically dominated regions.
Focusing just on the x-y plane, the top panel shows that
some asymmetric structure persists long after merger.

FIG. 2. LPoynt for original WHISKYMHD run of [34] (black,
solid), compared with the new ILLINOISGRMHD runs for the
same initial separation (red, dashed). All luminosities have been
time-shifted by the time of merger for that run, and scaled to
reflect the canonical case in [34]: a plasma of uniform initial
density ρ0 ¼ 10−11 g cm−3 and magnetic field strength
B0 ¼ 3.363 × 104 G, in the vicinity of a black-hole binary of
total mass M ¼ 108 M⊙. An ILLINOISGRMHD simulation keep-
ing the polytropic coefficient κ fixed to its initial value every-
where (i.e., disabling shock heating) shows very similar behavior
(blue, dotted).

TABLE I. Initial parameters and derived quantities for the
canonical configuration: initial puncture separation d, puncture
mass mp, Bowen-York linear momentum components Ptang &
Prad, finest grid spacing dx, merger time tmerge, initial fluid
density ρ0, magnetic field strength b0, polytropic constant κ0,
fluid pressure p0, specific internal energy ϵ0, ratio of magnetic to
fluid energy density ζ0, specific enthalpy h"0, and ambient Alfvén
speed vAlf .

dðMÞ mp PtangðMÞ PradðMÞ dxðMÞ

14.384 0.4902240 0.07563734 −0.0002963 1=48

tmergeðMÞ ρ0 b0 κ0 p0 ϵ0 ζ0 h"0 vAlf

3514.333 1.0 0.1 0.2 0.2 0.6 5.0e-3 1.81 0.07433

FIG. 3. Fluid density ρ during inspiral at time t ¼ 2400M
(about 1100M before merger) for the d ¼ 14.4M configuration.
At this time the holes are centered at ðx; yÞ ≈%ð5.53M; 0.08MÞ.
The regions inside the BH horizons have been masked out. Note
that in all configurations the BHs are orbiting in a counter-
clockwise motion around the positive z axis

BERNARD J. KELLY et al. PHYSICAL REVIEW D 96, 123003 (2017)
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In Fig. 18 we show the light curve generated by
synchrotron emission along with analogous traces com-
puted from the density and magnetic-field components for
the X1_d14.4 configuration. To calculate these curves,
millions of photons must be launched at each time step,
so for efficiency’s sake, we use a relatively coarse time
sampling of 200M. We only consider emission from inside
r < 30M, consistent with the Poynting flux extraction
radius.
Figure 18 shows that, unlike the Poynting flux, the

locally generated EM power is nearly constant throughout
the inspiral leading up to merger. There is a small burst of
luminosity preceding merger, followed by a dip of almost
50% for the synchrotron light curve, but the other models
show almost no discernible sign of the merger at all. The
dip is caused by the sudden expansion of the horizon
volume at merger, rapidly capturing the gas with the highest
temperature and magnetic field.
Another curious result of the PANDURATA calculation is

that, for a single snapshot, there is very little difference in

the flux seen by observers at different inclination angles or
azimuth (of order ∼10%), suggesting that variability in the
EM light curves on the orbital time scale will be minimal.
In principle, PANDURATA can also be applied to study the

spectra of EM emissions including effects, such as inverse-
Compton scattering as photons interact with hot atmos-
pheric plasma, that have been found to be important in
modeling black hole accretion disk spectra [101]. Our
present simulations, however, do not provide a realistic
treatment of atmospheric densities and temperatures.
Future studies with more detailed physics may reveal
more interesting time development in spectral features of
the emission.
The above simplifications and caveats mean that we

cannot make robust statements about the observability of
direct emission. However, based on our optically thin
synchrotron emission model, the direct emission luminos-
ity is orders of magnitude lower than that of the Poynting
flux. In addition, the synchrotron flux is roughly isotropic,
while significant beaming is observed in Poynting flux.
There is no contradiction in these measures; Poynting
luminosity may manifest as photons far downstream from
the GRMHD flows, whereas these direct emission esti-
mates originate in regions of high fluid density and
magnetic field strength in strong-gravitational-field zones.
When comparing these direct emissions with results from

circumbinary disk simulations, themost similar simulation is
in [55,56]. They estimated a form of direct emission, derived
from a cooling function based on hydrodynamic shock
heating. The implied cooling luminosity was more than an
order of magnitude larger than the Poynting luminosity,
while our results suggest that Poynting luminosity is larger
than direct synchrotron emission, at least for the canonical
density of 10−13 g cm−3. We have not incorporated a similar

FIG. 18. Bolometric luminosity generated in the region r <
30M for the X1_d14.4 configuration, assuming the canonical
initial density ρ0 ¼ 10−13 g cm−3. We model local synchrotron
emissivity, also showing the development of two contributing
components as described in the text.

FIG. 17. Snapshots from PANDURATA postprocessing of the
simulation data at a separation of 10M (about 1000M before
merger), viewed by an observer edge-on to the orbital plane. Top
panel: thermal synchrotron emission; middle panel: magnetic
contribution only (∝ B2); bottom panel: gas contribution only
(∝ ρT).

PROMPT ELECTROMAGNETIC TRANSIENTS FROM BINARY … PHYSICAL REVIEW D 96, 123003 (2017)
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Synchrotron Image

Plasma Density

• B-field 
• Lines

• Poynting flux grows in time, reaching maximum post-merger; Synchrotron plunges at merger;

• Spins increase Poynting flux luminosities;

Without spins:  Kelly, Baker, Etienne, Giacomazzo, Schnittman, PRD 96, 123003 (2017)

How do merger/post-merger 
predictions change with initial data 
predicted from pre-merger 
simulations? 

How does Poynting flux turn into 
observables we will actually see? 

What about particle acceleration, both 
gravitational and via internal shocks? 



Post-merger Aftermath: Kicks, Mass Loss, Jets
Numerical Relativity + MHD Evolutions

Zanotti, Rezzolla, Del Zanna, and Palenzuela, A&A, 523, A8, (2010).

• BBH merger leads to O(100) km/s kicks on merger remnant and few-
several % mass loss due to GW losses;


• Disk “adjusts” or is “kicked” by the sudden change in the gravity, often 
triggering eccentric shocks that dissipate change motion triggered by 
change in potential energy; 


• Observables are often significant tens-hundreds of days post-merger for 
massive BBHs.

A&A 523, A8 (2010)

Fig. 7. The same as in Fig. 6 but for a recoil velocity Vk = 3000 km s−1. Note that the spiral-shock structure is never present and that the inner
cavity is rapidly filled by accreting gas. In addition, an oblique shock comprising a low-density region is formed in the inner parts of the flow.

5.2.2. EM luminosities

Because of the relatively high temperature of the gas and of
the generation of a shock pattern, thermal bremsstrahlung is
thought to be an efficient emission mechanism through which
circumbinary discs may become visible in the electromagnetic
spectrum (Megevand et al. 2009; Corrales et al. 2010; Bode et al.
2009; Anderson et al. 2010). However, thermal-bremsstrahlung
emission from circumbinary is affected by a serious problem
which has been so far underestimated or not sufficiently em-
phasized. This has to do with the fact that bremsstrahlung cool-
ing time is too short (Corrales et al. 2010) or, stated differently,
that the internal energy budget of the emitting gas is not large
enough to allow for the bremsstrahlung emission to last but for a
few seconds. This can be easily estimated as tcool = Eint/LBR,
with Eint and LBR obtained from (18) and (22), respectively.
For the large model L.00 we have Eint ∼ 3.4 × 1050 erg and
LBR ∼ 2.8 × 1049 erg/s at time t = 0 and this estimate re-
mains of the same order of magnitude during the evolution. This
yields to tcool $ 12 s. The situation is even worse if we con-
sider the transition to the relativistic regime. In this case, in fact,

not only the bremsstrahlung emissivity is increased by a factor4

∝ [1 + 4.4T/(1010 K)] (Rybicki & Lightman 1986), but also
the collisions between particles of the same species start con-
tributing significantly to the bremsstrahlung emission (Svensson
1982) through radiation in moments other than the electric
dipole (which is strictly zero for particles of the same species,
Krolik 1999).

Of course, there are also other factors that can work in favour
of a bremsstrahlung emission and which we have not taken
into account. A first one is that we have neglected the thermal
bremsstrahlung absorption, which is likely to enhance signifi-
cantly the bremsstrahlung cooling time by acting as a source of
additional internal energy. Moreover, it is also possible that the
spiral shock originating from the very central region dissipates
considerably as it propagates outwards, hence confining the
bulk of the bremsstrahlung luminosity from within a very small

4 It should be remarked, however, that when the electron become rel-
ativistic, i.e. for T ≥ 5.9 × 109 K, other emission mechanisms, such as
inverse Compton or synchrotron (if a magnetic field is also present), are
generally more efficient.
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• Spinning post-merger single BHs, Uniform plasma;

• Survey over angle between B-field and spin;

• Survey over temperature;


Jet starts aligned with spin, then aligns with B-field;

Poynting luminosity strongest when aligned;

relatively close to the hole itself, remaining substantially
along its initial direction further out. We can try to quantify
the transition region from the BH’s “sphere of influence” by
examining the Poynting luminosity over a set of extraction
spheres. In Fig. 7, we show the integrand in Eq. (1)—
essentially the Poynting vector, weighted by the local area
measure—as a function of ðθ;ϕÞ for R ∈ f20M; 30M;
40M; 50Mg for the KS_B45deg configuration. We see
that the angular location (i.e., “point in the sky”) of peak
contribution moves with extraction radius; we also see that

the tube seems to contract in angle. We will attempt to
quantify these observations in Sec. IV C.
In Fig. 8, we show the rate of mass loss into the Kerr

horizon, _M [Eq. (3)] during the evolution of each of the
initial magnetic-field orientations θB. Again, the accretion
rates for different θB’s show little variation until t ≈ 300M.
Even at late times, the different configurations’ _M’s deviate
by only around 50%, with the highest rates associated with
the greatest deviation of the initial magnetic field angle. As
with the Poynting luminosity, we can produce a time-
averaged accretion for the steady state (t > 1; 500M) of
each configuration. This is presented in Fig. 9. Viewed in
this way, we see that the steady-state accretion rate is
relatively constant for 0° ≤ θB ≲ 40°, dropping off steeply
for larger θB.
In Fig. 10, we plot the resulting efficiency [Eq. (4)].

Dominated by the field orientation, it shows levels of∼25%
for small θB, dropping an order of magnitude for θB ≳ 40°.

C. Features of protojet

In studies of black-hole neutron star mergers, Ref. [41]
identifies an “incipient, magnetized jet” as an “unbound,
collimated, mildly relativistic outflow (Lorentz factor of
∼1.2), which is at least partially magnetically dominated.”
Informally, we identify a “protojet” as a magnetically
dominated region showing concentrated twisting of mag-
netic field lines, and strong localized Poynting flux [42–
44]. We use the term “protojet” here, because while it
shows intense winding of magnetic fields in a traditional
jetlike funnel region, the net fluid flow in this region is
inward, with a low Lorentz factor. In this subsection, we

FIG. 6. Steady-state (t > 1; 500M) Poynting luminosity as a
function of field alignment angle θB. The luminosity is calculated
as a “late-time average” value in each case—the average value for
all t > 1; 500M. Error bars show the rms deviation from the time-
average values, beginning at t ¼ 1; 500M. The solid (blue) and
dashed (red) curves are best-fit results from assuming a hyper-
bolic tangent or cosine-squared dependence on θB, respectively.

FIG. 4. B-field stream lines in the vicinity of the BH (spinning
in the k̂ direction) at time t ≈ 2; 000M for a magnetic field
initially uniform in strength, and everywhere pointing along
îþ k̂, 45° off the BH spin direction (configuration KS_B45deg).
Gray shells indicate coordinate radii R ∈ f30M; 50M;
70M; 90Mg.

FIG. 5. Poynting luminosity as a function of time for the B-field
angle configurations. Thick and thin lines indicate higher and
lower resolution for the same physical configuration.
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absolute cross-sectional area roughly constant, or “pencil-
like” (lower panel).

2. Beam shape

As can be seen from Fig. 7, the cross-sectional shape of
the beam deviates strongly from circular when the magnetic
field is misaligned with the black hole spin. We present in
Fig. 12 the beam shape as represented by the 50% contour
for a range of field alignments, measured at R ¼ 30M.
For an aligned field, the beam cross section is annular at

all extraction radii, as the magnetic field drops to zero on
the axis due to symmetry. Here we see that the beam shape
becomes steadily less annular with increasing θB.
Simultaneously, the overall luminosity decreases, and the
beam weakens, becoming harder to distinguish from the
rest of the sphere. For this reason, we omit the correspond-
ing plots for θB > 60°.

3. Beam position

We present in Fig. 13 the positions of the center of the
protojet for each configuration, showing how it varies with
extraction radius. To avoid high-frequency variations, at
each extraction radius R, we decompose the Poynting
vector over the sphere into (real) spherical harmonics up
to l ¼ 2:

SrRðθ;ϕÞ≡
X2

l¼0

SlmYm
l ðθ;ϕÞ: ð6Þ

The center positions are then the maxima of this smoothed
functional form.While the jet positions are properly given as
a pair of angles ðθ;ϕÞ, we find it easier to display as a pair of
Cartesian-like projected coordinates X ≡ sin θ cosϕ, Y≡
sin θ sinϕ, so that the hole’s spin direction lies unambigu-
ously at the origin in each panel.
From the figure, we can see that all configurations have

jet directions that approach the asymptotic initial magnetic
field direction at large R (denoted by× in the figure). As we
move inward along each configuration’s curve, we see
twisting of the jet direction around the origin (that is, the
BH spin axis). For initial inclination angles θB between 0°
(i.e., parallel to the spin axis) and ∼60°, the jet direction
approaches the spin axis for small R. For larger θB, the jet’s
direction stops short of the pole.
The azimuthal (Y-direction) offset at finiteR appears to be

a result of frame dragging in the background spacetime, as is
the jet itself. There is no precise transition radiuswhere the jet
direction switches from being aligned predominantly with
the hole’s spin to its asymptotic direction, but the transition
appears to occur withinR ∼ 20M. This is consistent with the
observations of Ref. [45], in their studies of jet twisting in
tilted accretion tori.

4. Jet Strength

We noted at the start of this subsection that our “protojet”
has not yet been demonstrated to produce ultrarelativistic
particle speeds. In particular, as in Paper I, fluid inflow in
the jet region is both subrelativistic and inward-pointing.
While analyzing the aftermath of a BHNS merger, the
authors of Ref. [41] encounter a similar situation; they point
out, however, that strong magnetic dominance in the
asymptotic jet region is expected to lead to much higher
Lorentz factors: Γ ∼ b2=2ρ [46].
In our case, the peak energy ratio drops to below ∼5

outside a few horizon radii, implying that actual relativistic
jet conditions may not be reached for the fluid particles
present. This can be misleading, as the MHD fluid is ion
dominated, and unlikely to be the source of significant
high-energy EM emission. If a mechanism is present to
seed the magnetically pressure-dominated region with
electrons or electron-positron pairs, these can be expected
to experience much greater accelerations, leading perhaps
to jetlike electromagnetic emission.

V. DISCUSSION

In this paper, we have extended the work of Ref. [5]
(Paper I), focusing on the steady-state behavior of plasma
around a postmerger Kerr black hole. While Paper I
featured merging equal-mass nonspinning black hole
binary systems, with a spacetime dynamically simulated

FIG. 13. Pseudojet center positions for the B15, B30, B45,
B60, and B75 configurations, in the Kerr hole’s “northern”
hemisphere, as determined by the maxima of the harmonically
smoothed Poynting vector function [Eq. (6)] at t ¼ 2; 000M.
Each dashed line connects the positions for all configurations,
determined at a certain extraction radius R. The × symbols show
the initial direction of the asymptotic magnetic field for each
configuration.
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Possible reason for X-shaped radio lobes

What are the prospects for seeing kicks in the JWST 
era? What other instruments are needed to search for 
them?  Will Rubin aid in their search? 

How do merger/post-merger predictions change with 
initial data predicted from pre-merger simulations? 



Need realistic predictions (theory) to 
“match filter” spectral+timing EM data!

What is the “optimal” combination of observatories and 
search strategies?

How do these rates change if: 
• surveys/catalogs of MBBH candidates made beforehand?  
• other observatories are considered (e.g., JWST)?

Need additional theory and computational support, as 
recommended by decadal: 
• ATP to 1 cycle per year; 
• Stronger/stabler TCAN program; 
• Additional funds;

More exploration of EM searches to evaluate performance of 
future missions, and identify and fill gaps in spectral/timing.

Coordination of facilities, archives, modelrto enable quick capture of merging 
systems, and also long-term multi-wavelength follow-up for the “continuous” 

PTA sources.  

How do merger/post-merger predictions 
change with initial data predicted from pre-
merger simulations? 

How does Poynting flux turn into 
observables we will actually see? 

What about particle acceleration, 
both gravitational and via internal 
shocks? 

How does the predicted dip in the UV change 
with binary separation?  Does it become more 
significant at larger separations?

Need more realistic corona, high-energy 
radiation methods, and radiation coupling 
to explore accretion stream physics.

How do other spin values and spin 
orientations change this picture?

How do we connect the Newtonian 
scales to the relativistic regime?   

Future Work & Recommendations

Additional thermodynamics to 
include hard X-ray emission from 
accretion stream shock! Ideally, watch “Everything Everywhere all at Once”, but can 

save budget by focusing on deep all-sky X-ray, , UV—>IR, 
and radio surveys.  

https://asd.gsfc.nasa.gov/mossaic/

More & more sophisticated simulations of EM search 
campaigns, w/wo various mission concepts. 
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2.6 Multimessenger view of MBH populations

Coordinators: Maria Charisi, Alessandra De Rosa
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LISA will bring crucial constraints on mass, redshift, and spin of merging BHs in the mass
range ⇠ 10

4
� 10

7
M�. To achieve a complete understanding of the population of MBHs, from

high redshift to the local Universe, from low to high mass, single and in binaries, the synergy of
LISA with other missions will be key. In this section, we provide a global view on the facilities
that complement LISA, or will complement it in the near future. We discuss how these missions
will address different aspects of MBH physics and populations, but also how they will help us to
understand the galactic and large-scale environments in which MBHs assemble, which is a major
question in modern astrophysics.

2.6.1 A landscape of new missions to understand MBH formation, growth,
and environment

Figure 2.14: Landscape of the upcoming and concept missions aiming at constraining the pop-
ulation of MBHs and their host galaxies, from the local to the high-redshift Universe. These
missions will significantly increase current EM detections towards high redshifts (z ⇠ 10), while
LISA will reach redshifts (e.g., z > 30) that will not be available with EM observations. We
caution that the timelines reported in the figure are only indicative as delays in the launch of any
of the missions, especially those a few years away from the time of writing, are always possible.
In addition, at the time of writing the likely launch time-frame for ATHENA is set to slightly
earlier than that of LISA. Characteristics of these and other missions are listed in Table 2.1.
Figure credit: Melanie Habouzit.

Figure 1.1: Timeline of current and proposed photon, gravitational wave (GW), neutrino,
and cosmic-ray (CR) facilities. Hatched regions indicate energies which proposed experi-
ments would observe that would not be simultaneously observed by any current facilities.
Over time, most messengers plan to increase their spectral coverage. The the photon frame
in blue illustrates continuous multi-wavelength coverage for the next two decades, with
the glaring exception of MeV, GeV, and ultra-high-energy gamma rays. This impending
gamma-ray gap is concerning to the broader multimessenger community.
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•MMA SNOWMASS Report: “Advancing the 
Landscape of Multimessenger Science in the 
Next Decade”, Engel, Lewis, Stein Muzio, 
Venters, et al., arXiv, arXiv:2203.10074, (2022). 

Aging missions and short-term bandaids leading to 
a early onset MeV-GeV blindness.  How do we fix 
this?

•Astrophysics LISA Working Group WP: Amaro-Seoane, 
Andrews, et al., LISA Consortium Astro Working Group, 
arXiv, arXiv:2203.06016, (2022).                            

Mission Landscape for MMA of Massive 
Binary Black Holes
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Light Curves from 
Accretion onto Spinning 

BBHs

• Gutierrez, Combi, Lopez Armengol++(in prep)

• “Spikey”
• KIC 11606854 

• Hu, D'Orazio, Haiman, Smith, Snios, Charisi, 
and Di Stefano, MNRAS, 495, 4061, (2020).
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Spectra from 
Accretion onto Spinning 

BBHs

•
•

•

Spinning BBHs: a=0.6M, up-up

Non-Spinning BBHs

• Following  
• Using sim data from: 

• BH spins (even at these modest values): 
• Brighter mini-disks; 
• More variable mini-disks; 
• More substantial mini-disks broaden the 

circumbinary disk’s thermal peak; 

• The spinning case provides new 
signatures to search for: 
• Broader thermal peak in optical-UV; 
• Variability in the UV on the binary’s 

orbital timescale; 
• Stronger variability in X-rays; 

d’Ascoli++2018

Gutiérrez, Combi, Noble, Campanelli, Krolik, López Armengol, and García, ApJ, 928, 137, (2022).


